glomerular permeability; light scattering; viscosity; size-exclusion chromatography THE PHYSIOLOGY of glomerular permselectivity-that is, the ability of the kidney's filters to retain large proteins in the blood while allowing salt, water, and toxins to escape into the urine-remains mechanistically obscure, despite its importance in human disease (21, 32) . It is now well understood that proteinuria is not merely a marker of renal disease but in fact contributes to progressive renal impairment and end-stage renal disease (1, 2) .
Experimental approaches to examine glomerular permselectivity are complicated by the inaccessibility of Bowman's space and tubular processing of glomerular ultrafiltrate. The volumes of ultrafiltrate that can be recovered from glomerular micropuncture techniques are so low (0.03-0.7 l in the original report describing the technique in mammalian kidneys) that techniques to measure solute concentrations were developed at the same time as the micropuncture technique itself (39) . Volume and solute transport by the tubule cause solute concentrations in the bladder to differ from those in glomerular ultrafiltrate. Investigators have used inert probes that are minimally processed by the kidney, or chilled isolated, perfused kidneys to inhibit tubular transport processes, in order to estimate solute concentrations in Bowman's space from those measured in urine. In parallel with ultrastructural studies mapping solute distributions in the capillary wall, seminal studies by Brenner and Deen using inert tracers suggested that glomerular transport of negatively charged solutes was much lower than that of comparably sized neutral solutes (5, 23, 33, 34) . Subsequent work by Comper and colleagues (7, 38) attributed the measured difference in urine concentrations of neutral and sulfated dextrans to desulfation of the dextran during its passage across the capillary wall. Multiple investigators have published studies comparing charged and neutral proteins consistent with a glomerular charge barrier (4, 30) .
Several publications significantly challenged the hypothesis that electrical charge contributes to glomerular permselectivity. Schaeffer et al. (35) used tetramethylrhodamine isothiocyanate (TRITC)-labeled dextrans and carboxymethyl dextrans as well as hydroxyethyl starch and albumin to measure charge and size characteristics of the glomerular filtration barrier. After careful analysis of endothelial and tubular uptake of tracers, Schaeffer et al. measured negligible difference between anionic and neutral dextran fractional clearance, concluding that charge barriers in the glomerulus were negligible.
Guimaraes et al. (20) published an elegant experiment infusing commercially available carboxymethyl Ficoll and neutral Ficoll into rats with tail vein infusions and Alzet implantable perfusion pumps. For polysaccharide molecules of Ͼ45-Å radius, the fractional clearance of carboxymethylated Ficoll exceeded that of neutral Ficoll and was two orders of magnitude greater than neutral Ficoll at 75-Å radius. The investigators appeared to have excluded artifacts such as tubular uptake and macromolecular complex formation and concluded that electrostatic contributions to hindered transport remained unproven.
Asgeirsson et al. (3) conducted a similar study using carboxymethylated Ficoll and neutral Ficoll tagged with fluorescein isothiocyanate (FITC). Using a tail vein infusion, Asgeirsson et al. compared fractional clearance of neutral and anionic Ficoll and, similar to Guimaraes, observed increased fractional clearance of anionic Ficoll compared with neutral Ficoll. The study of Asgeirsson et al. extended the data to include Ficoll much smaller than that studied by Guimaraes and demonstrated enhanced clearance of anionic Ficoll down to 28-Å radius. The interpretation of the experimental data focused on the increased size of carboxymethyl Ficoll compared with neutral Ficoll, as evidenced by a shift in the size distribution measured by size-exclusion chromatography, and the possibility that carboxymethylation induced conformational change or conferred flexibility on the Ficoll molecule, confounding the effects of charge with those of structure.
Harvey and colleagues (22) used a podocyte-specific conditional knockout of agrin to create mice with glomerular basement membranes depleted of heparin sulfate proteoglycans (HSPGs) and saw that urine protein-to-creatinine ratios were unperturbed in mutant mice compared with control mice, suggesting no effect caused by the change in glomerular basement membrane charge due to HSPGs. Chen et al. (6) used a similar approach by constructing a podocyte-specific knockout of Ext1, a gene coding for a protein critical in HSPG synthesis, and observed statistically insignificant increases in albuminuria and albumin-to-creatinine ratio as well as no overt nephrotic syndrome.
In contrast to the results of these studies, there is an extensive experimental literature and rigorous theory of chargecharge interactions in porous artificial media. For example, Zydney and colleagues (14, 26, 27, 31) have published extensively on charge-charge interactions in ultrafiltration membranes, and clearly anionic solutes are retarded by anionic membranes. Dechadilok and Deen (10) discussed electrostatic and electrokinetic effects in charged pores and confirmed that diffusive transport of charged spherical solutes through charged cylindrical pores is hindered compared with uncharged species. Conlisk et al. (8) explored the theoretical implications of solute charge in charged slit-pore membranes and predicted transport of anionic solutes to be hindered by charged membranes. Datta et al. (9) further expanded this work to probe the use of streaming potential to estimate surface charge densities in nanoporous membranes.
Significant efforts in modeling glomerular permeability also suggest an electrostatic barrier within the capillary wall. Deen et al. (12) modeled charged macromolecular transport through a charged capillary, concluded that a significant electrostatic component to hindrance could exist, and supported the model with experimental data for neutral, anionic, and cationic dextran probes. Wolgast et al. (40, 41 ) introduced a sophisticated model of glomerular basement membrane charge but did not describe the influence of the model on sieving of charged macromolecules. Ohlson et al. (28) expanded on Deen and Wolgast's approach and shared the conclusion that a significant charge barrier within the capillary ought to exist. Ohlson went on to compare fractional clearances of Ficoll with those of albumin and reported that the data were consistent with a glomerular charge barrier.
Our own work in engineering of ultrafiltration membranes led us to explore the properties of Ficoll, a globular polymer of sucrose and epichlorohydrin (17) (18) (19) . In brief, a silicon membrane of extremely uniform slit pores did not retain Ficolls with hydrodynamic radii larger than the pore size of the membrane (19) . Further investigations suggested that transport of globular proteins through the membrane was similar to that predicted from first principles by Dechadilok and Deen (11) , leading to the conclusion that Ficoll, as had previously been suggested by Rippe, was not a sphere and was possibly not rigid (19) . Using a combination of size-exclusion chromatography with online multiangle light scattering (SEC-MALS) and viscometry, we concluded that Ficoll's conformation in aqueous solution was intermediate between a sphere and a random coil, but we were unable to distinguish conformational flexibility from dispersion in shape (18) .
Here we report on the logical extension of that work in solute characterization by filtration and chromatography to describe size, conformation, and filtration properties of anionic Ficoll. Commercially available Ficoll was carboxymethylated in our laboratory and tagged with fluorescent markers, and size-dependent filtration of charged and neutral molecules through anionic membranes of defined geometry and pore size was measured. Size and conformation of carboxymethyl Ficoll and neutral Ficoll were compared by SEC-MALS and viscometry.
METHODS

Ficoll Preparation and Characterization
Generally, the carboxymethylation reaction of polysaccharides is done with strong NaOH and monochloroacetic acid (MCA) in aqueous medium at elevated temperature. Briefly, 1 g of Ficoll 70 and Ficoll 400 (catalog nos. 46326 and 46327, respectively; Fluka, St. Louis, MO) were each mixed with 26.5 ml of deionized water and stirred for 30 min at 40°C. A 10 M NaOH solution (20 ml) was slowly added. After that, MCA (15%, 53.5 ml) was added dropwise into the mixture. Thus the reaction mixture was initially 1 M in chloroacetate and 2 M in NaOH. The mixture was stirred at 40°C for 3 h. The mixture was then neutralized with 5 M HCl and dialyzed against distilled water for 4 days. The solid carboxymethylated products were recovered by freeze-drying. Zeta potential of neutral and carboxymethylated Ficoll was measured by a Brookhaven ZetaPlus (Brookhaven Instruments, Holtsville, NY).
Labeling of Ficoll with FITC was performed after the method of Ohlson et al. (29) . Ficoll was coupled with 7-amino-4-methylcoumarin (AMC) by reductive amination in the presence of sodium cyanoborohydride. Briefly, the desired Ficoll was dissolved in a solution of AMC in DMSO-glacial acetic acid-sodium cyanoborohydride. The solution was then incubated at 80°C for 2 h. After conjugation with AMC, labeled Ficoll was recovered by a PD-10 column. Labeled samples were analyzed by size-exclusion chromatography as previously described, except that the excitation and emission wavelengths of the fluorescence detector were set to the appropriate wavelengths for each fluorophore (17, 19) .
Membrane Fabrication and Charge Characterization
Silicon nanopore membranes (SNM) have been prototyped from silicon substrates by an innovative process based on microelectromechanical systems (MEMS) technology as previously reported (13, 15, 16, 19, 25) . The process uses the growth of a thin sacrificial SiO 2 (oxide) layer to define the critical nanoscale pore size of the filter. The oxide is etched away in the final step of the fabrication process to leave behind open slit pores. Thermal oxidation of silicon substrates can routinely provide oxides down to 5-nm thickness with Ͻ1% variation across a 100-mm-diameter wafer.
Membranes were mounted in a custom ultrafiltration cell equipped with silver-silver chloride electrodes, purged of nitrogen with carbon dioxide, and wetted with deionized water. Hydraulic permeability of the membrane is measured from the slope of pressure-flow curves, and pore size is calculated from Poiseuille's law as previously described (17, 19) . The deionized water was replaced with 10 mM KCl in water buffered with 1 mM Tris and adjusted to pH 7.0 by adding small aliquots of 1 M HCl or 1 M KOH. Transmembrane pressure was applied to the membrane, and the voltage difference between the electrodes was measured by a digital multimeter (Keithley 2000, Keithley Instruments, Cleveland, OH). Voltage-pressure curves were mapped over a range of pressures, and membrane zeta potential was calculated from streaming potential as described by Datta et al. (9) .
Filtration
Filtration procedures for SNM have been previously described in detail (19) . Briefly, SNM with nominal pore sizes of 5.8 and 20 nm were mounted in a custom ultrafiltration cell and degassed, and hydraulic permeability was measured with deionized water. A single solution of 50 g/ml each of AMC-labeled Ficoll 70 or 400 (Ficoll) and FITC-labeled carboxymethyl Ficoll 70 or 400 (CM-Ficoll) in phosphate-buffered saline (PBS) was introduced into the feed reservoir and continuously circulated through the feed side of the ultrafiltration cell by a peristaltic pump. The reservoirs and tubing were covered with aluminum foil to minimize photobleaching of the fluorophores. The feed side circuit was pressurized to 2 psi with compressed air, and ultrafiltrate samples were collected. The first sample collection was discarded because it is diluted by the deionized water used to wet the membranes. Samples were collected in darkened microcentrifuge tubes and refrigerated. Three samples per membrane were collected. Sieving coefficients were calculated as the ratio of the fluorescence in the ultrafiltrate divided by the fluorescence in the feed. 
SEC-MALS-viscosity-differential refractive index measurement.
Ficoll 70, CM-Ficoll 70, Ficoll 400, and CM-Ficoll 400 were separated by size-exclusion chromatography (Agilent Technologies) using an Ultrahydrogel 500 column and guard column (Waters, Milford, MA) (n ϭ 3 for anionic Ficolls, n ϭ 2 for neutral Ficolls). The mobile phase was PBS (150 mmol NaCl, 50 mmol phosphate, 200 ppm NaN 3, pH 7.4) at a flow rate of 0.5 ml/min. Multiangle light scattering, viscosity (DAWN TREOS and ViscoStar, Wyatt Technology), and differential refractive index (model G1362A, Agilent Technologies) were used to characterize the effluent with ASTRA software.
Statistics
Experiments were repeated in triplicate, except for chromatography of neutral Ficoll, which was performed in duplicate because results were identical to our previous extensive testing (18) . Means and SE were calculated with Microsoft Excel for Windows XP.
RESULTS
Ficoll 70 and 400 modified by carboxymethylation in our laboratory were negatively charged compared with their untreated counterparts (Table 1) .
Neutral and anionic Ficoll eluted from the Waters Ultrahydrogel 500 column similarly (Fig. 1) . Plots of molecular mass as measured by multiangle light scattering versus elution time were nearly identical for neutral and anionic species, confirming that interactions between column and solute were similar for both neutral and anionic Ficoll. Mark-Houwink-Sakurada exponents were nearly identical between neutral and anionic species, suggesting that both neutral and anionic Ficoll assume a conformation intermediate between a sphere (a ϭ 0) and a well-solvated random coil (a ϭ 0.5-0.8) (Fig. 1 and Table 2 ) (18) . Conformation plots of mass versus hydrodynamic radius as measured by multiangle light scattering and viscometry were nearly identical between neutral Ficoll and anionic Ficoll synthesized in our laboratory, suggesting that neutral and anionic Ficoll assume similar conformations in physiological saline. The slopes of conformation plots on a log-log graph were similar and again consistent with a molecular conformation intermediate between a sphere and a random coil, as described previously (Fig. 2) (18) .
SNM without any surface modification had a negative surface charge with a measured apparent zeta potential in a 10 mM KCl solution of Ϫ16.6 mV. Because of the small pore sizes of the membrane, two separate true zeta potentials could lead to the measured apparent zeta potential (9). For 10 mM KCl in a 20-nm slit pore (as measured from the hydraulic permeability test), an apparent zeta potential of Ϫ16.6 mV represents true values of either Ϫ39 mV or Ϫ79 mV. The ϭ 79 mV value is within the range the range of values for silicon discussed in a review by Kirby and Hasselbrink (24) .
Neutral Ficoll was retained by the SNM in a size-dependent fashion similar to previous reports (17, 19) . Ficoll molecules with hydrodynamic radii larger than the nominal pore size for the membrane were observed in the ultrafiltrate (Figs. 3 and 4) . This effect was somewhat more pronounced for the 5.8-nm membrane than for the 20-nm membrane. Anionic Ficoll was retained by the SNM to a greater degree than neutral Ficoll for all sizes and at both membrane pore sizes (Figs. 3 and 4) .
DISCUSSION
Debate continues regarding the role of electrostatic charge in glomerular permselectivity, with physical intuition, analytic modeling, and experimental data all supporting an electrostatic component to a largely size-based glomerular permselectivity. Opposing that coherent body of theory and experiment are other data suggesting that some of the apparent charge selectivity may be artifactual, due to cellular processing of charged solutes (7) . More recent papers demonstrate both enhanced transport of anionic tracers compared with neutral ones and in vivo studies in which reducing the charge of the basement membrane gel had negligible effect on permselectivity to albumin (3, 6, 20, 22, 35) . At least one group, Rippe and colleagues (3), has suggested that enhanced transport of carboxymethylated Ficoll might be explained by conformational changes instead of electrostatics; that is, the modification process by which an anionic charged Ficoll is produced causes the Ficoll to become less compact and more flexible.
The SNM our group has developed as highly efficient ultrafiltration membranes for renal replacement are also a unique tool to probe the characteristics of tracers used for in vivo experiments of glomerular permselectivity. The flat-sheet geometry of the pores in the membranes (5-100 nm in critical x-Axis, log molar mass as determined by light scattering; y-axis, log hydrodynamic radius as determined by online viscometry. Neutral and anionic Ficoll have similar conformation, with slopes suggestive of a conformation intermediate between a rigid sphere and a random coil. Fig. 3 . Charge-dependent permselectivity of an anionic 5.8-nm silicon nanopore membrane. x-Axis, nondimensionalized solute radius (solute radius divided by pore size); y-axis, sieving coefficient. Neutral Ficoll (thick black line, means; thin black lines, means Ϯ SE) was retained by the membrane in a size-dependent fashion. Anionic Ficoll (thick gray line, means; thin gray lines, means Ϯ SE) was retained to a greater extent than neutral Ficoll of the same radius. Fig. 4 . Charge-dependent permselectivity of an anionic 20-nm silicon nanopore membrane. x-Axis, nondimensionalized solute radius (solute radius divided by pore size); y-axis, sieving coefficient. Neutral Ficoll (thick black line, means; thin black lines, means Ϯ SE) was retained by the membrane in a size-dependent fashion. Anionic Ficoll (thick gray line, means; thin gray lines, means Ϯ SE) was retained to a greater extent than neutral Ficoll of the same radius. The difference between neutral and anionic species is less pronounced than seen with the smaller membrane. dimension, 40 m wide, and 4-to 5-m membrane thickness from feed to permeate) and the angstrom-level uniformity of pore size are a powerful tool to unmask subtle characteristics of macromolecular probes.
We measured that our probes and our membranes both carried negative charge. We do not report a "degree of substitution" as other investigators have, because we do not have data allowing estimation of charge-to-mass ratio of CM-Ficoll (3, 20) . The degree of substitution measured by titration in a polydisperse solution only yields an aggregate sense of how charged the solutes are. Our measurements that anionic Ficoll eluted similarly to neutral Ficoll, and had similar mass distribution and conformation in bulk solution, suggest that our carboxymethylation procedure may have resulted in less substitution than the solutes used by other investigators.
Our observation that anionic Ficoll is retarded by an anionic membrane is not consistent with conformational differences between neutral and anionic Ficoll dominating hindrance effects in transport, unless the material used by other researchers was substantially different from the CM-Ficoll tested here. In a previous report (19) , we had suggested that the flat-sheet geometry of our membranes might be exceptionally sensitive to conformational change in macromolecules. The results here suggest that CM-Ficoll behaves qualitatively as expected for an anionic solute in an anionic membrane. Quantitative comparison to numerical and analytical models awaits more detailed knowledge of the charge on anionic Ficoll as a function of mass. That said, our own data provoke some questions. It is intuitively persuasive that charge effects might be less pronounced in a larger membrane (20 nm vs. 5.8 nm); the electrical double layers probably come close to overlapping in the 5.89-nm membrane but occupy only a small fraction of the volume of the pore in the 20-nm membrane. However, one would expect that charge-based hindrance would dominate at large solute radii and disappear as solute radius decreases; we observe an electrostatic contribution to hindrance across all solute sizes for both membranes.
The electric charge of the anionic Ficoll derivatives presented here is quantified in terms of the zeta potential, a metric of surface characteristics of the particle. The similarity of measured zeta potential between CM-Ficoll 70 and CM-Ficoll 400 suggests that the surface charge density on the exterior of the macromolecules is similar across a wide range of molecular weights, and that the degree of carboxymethyl substitution is largely independent of molecular weight. Thus the net charge of CM-Ficoll species necessarily varies with molecular weight, with higher-molecular-weight CM-Ficoll being more highly charged. In contrast to the tradition of expressing electrical characteristics of proteins as a net charge at physiological pH, zeta potential and surface charge density may be more useful metrics for analysis of hindered transport through charged media. The electrostatic contribution to the partition coefficient within a pore is described by the Gibbs free energy change due to electrostatic interactions. This number can be calculated directly from the streaming potentials of solute and wall (8) . The analysis and description of CM-Ficoll in terms of zeta potential, while different from conventional descriptions of protein charge, facilitates quantitative estimation of electrostatic influences on hindered transport.
How might these data be reconciled with experimental data from Guimaraes and Asgeirsson? It was, in part, the conflict between their observations and our physical intuition that stimulated us to pursue this line of inquiry. The commercially available carboxymethylated Ficoll used by those investigators is likely more heavily substituted than our own product, because in neither study did it coelute with neutral Ficoll. Asgeirsson's reports of facilitated clearance of anionic dextrans may be explained by their own group's data on enhanced transport of linear polysaccharides (37) .
The need for an inert tracer, freely filtered by the glomerulus and neither reabsorbed nor secreted by the renal tubule, was identified by earlier generations of renal physiologists, and the perfect probe remains elusive to this day (36) . Ficoll is a highly valuable tool, as it appears to be nontoxic in low doses and does not appear to be reabsorbed or secreted by renal structures other than passage through the glomerular capillary wall. However, Ficoll may not be used in clinical diagnostics or research studies in humans, because the polymerizing agent, epichlorohydrin, is highly toxic. The disposition of charged tracers in the body is undoubtedly more complex. Anionic polysaccharides may be extensively modified by hydrolysis, enzymatic cleavage, and binding to proteins, matrix, and cell membrane constituents. Detailed analysis of the structure of Ficoll and its derivatives appears to be necessary for accurate conclusions regarding glomerular physiology.
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